ABSTRACT: Dielectric spectroscopy measurements over a broad range of temperature and pressure were carried out on poly(oxybutylene) (POB), a type A polymer (dielectrically active normal mode). There are three dynamic processes appearing at lower frequency: the normal and segmental relaxation modes and a conductivity arising from ionic impurities. In combination with pressure-volume-temperature measurements, the dielectric data were used to assess the respective roles of thermal energy and density in controlling the relaxation times and their variation with T and P. We find that the local segmental and the global relaxation times are both a single function of the product of the temperature times the specific volume, with the latter raised to the power of 2.65. The fact that this scaling exponent is the same for both modes indicates they are governed by the same local friction coefficient, an idea common to most models of polymer dynamics. Nevertheless, near T g, their temperature dependences diverge. The magnitude of the scaling exponent reflects the relatively weak effect of density on the relaxation times. This is usual for polymers, as the intramolecular bonding, and thus interactions between directly bonded segments, are only weakly sensitive to pressure. This insensitivity also means that the chain end-to-end distance is invariant to P, conferring a near pressure independence of the (density-normalized) normal mode dielectric strength. The ionic conductivity dominates the low-frequency portion of the spectra. At lower temperatures and higher pressures, this conductivity becomes decoupled from the relaxation modes (different T dependence) and exhibits a significantly weaker density effect. At frequencies higher than the structural relaxation, both an excess wing on the flank of the R-peak and a secondary relaxation are observed. From their relative sensitivities to pressure, we ascribe the former to an unresolved JohariGoldstein (JG) relaxation, while the higher frequency peak is unrelated to the glass transition. These designations are consistent with the relaxation time calculated for the JG process. The dynamic properties of the POB are essentially the same as those of poly(propylene glycol), in accord with their similar chemical structures. However, POB is less fragile (weaker T g-normalized temperature dependence), its relaxation times are less sensitive to density changes, and, facilitating the measurements herein, its normal mode has a substantially larger dielectric strength.
Introduction
The dynamics of glass-forming liquids and polymers remains a challenging problem, not only in relating structure to properties but also in simply understanding whether and how the various relaxation processes relate to the glass transition. Although relaxation in the equilibrium state just above the glass transition temperature, T g , receives the bulk of attention, the relationship to T g of secondary processes, in particular the Johari-Goldstein relaxation, 1-3 the "nearly constant loss", [4] [5] [6] [7] [8] and even the Boson peak 9 have been explored by various groups. In addressing this problem satisfactorily, it is necessary to use additional experimental parameters, for example, pressure, [10] [11] [12] [13] [14] [15] [16] [17] nanoscale confinement, [18] [19] [20] [21] and cross-linking. [22] [23] [24] [25] [26] [27] [28] A recent interest is how global motions of polymer chains relate to their local dynamics. This can be investigated using diffusion measurements 29 and, over a limited frequency range, by mechanical spectroscopy. 30, 31 For the (relatively few) polymers having a dipole moment parallel to their chain backbone ("type A" polymers 32 ), the global motions can be followed dielectrically, along with the "R-relaxation" (T g dynamics). Certainly for studying the R-relaxation, dielectric spectroscopy is one of the more powerful tools, able to nonintrusively probe molecular motions over a broad frequency range (more than 12 decades). 33 A central issue concerning the dynamics in condensed matter is what causes the spectacular change in relaxation time, τ, as T g is approached. Proposed mechanisms abound: (i) jamming (spatial constraints) of molecular motions due the increasing density (i.e., reduced free volume), [34] [35] [36] (ii) progressive trapping of molecules or polymer segments within potential wells, 37 (iii) a reduction in the number of available configurations (entropy loss), 38 and (iv) greater intermolecular cooperativity of the molecular motions. 39, 40 There are two main questions: is there a dominant thermodynamic variable which controls vitrification, and what is the connection between the thermodynamics and dynamics? By combining spectroscopy measurements with the equation of state, the relative degree to which thermal energy and density govern the temperature dependence of τ can be quantified. While analysis of a limited number of materials led to the conclusion that thermal energy is the dominant variable controlling τ(T), 41 more recent studies of a broader number of glass formers clearly show that both temperature and density play significant roles. Their relative contribution to glass formation varies with chemical structure, and for polymers density seems to exert less of an influence than for molecular glass-formers. [42] [43] [44] This is ironic, given the historic prominence of free volume theories in the study of † Naval Research Laboratory. ‡ George Mason University.
polymer dynamics. Recently, we have extended this type of analysis by demonstrating that local (dielectric R) relaxation times, measured under various conditions of T and P, can be superposed when plotted vs the product of the temperature times the specific volume, with the latter quantity raised to a material-specific exponent, γ. 45, 46 The magnitude of this exponent reflects the relative contribution of volume (density) to the dynamics. Although determined empirically from superpositioning of τ(T,P) data, for both nonassociated liquids and polymers the exponent can be related to the repulsive part of the intermolecular potential. [47] [48] [49] Recalling the classic van der Waals model, the idea is that for very local processes the attractive part of the potential is averaged (thus imposing only an isotropic pressure), whereby the details of the repulsive potential govern the local properties. [50] [51] [52] The interpretation is that segmental motion is thermally activated, with the height of the potential barriers dependent on the density. Thus, the assumption of an inverse power law for the repulsive potential 49, 50, 53, 54 gives rise to a particular scaling of the local relaxation times. 47, 48 In the case of polymers, the values of the exponent γ are often rather small, suggesting an intermolecular potential which departs from the typical Lennard-Jones form. It is likely that intramolecular cooperativity 55 (due to connectivity of the chain units) strongly influences the effective local potential. A similar situation may pertain for hydrogen-bonded materials.
Our interests herein are the normal mode motions and their relationship to the local segmental dynamics. We have recently shown that for two type A polymers, poly(propylene glycol) (PPG) and 1,4-polyisoprene (PI), the normal mode relaxation times (strictly speaking, the longest normal mode relaxation times) superpose onto a single master curve, using the same value of the scaling exponent as for the segmental relaxation times. While this scaling itself is provocative, the equivalence of the scaling parameter for the two processes suggests that the factors underlying the dynamics are the same. This, in fact, is a central assumption underlying the Rouse and reptation models of polymer dynamicssthat the chain modes are governed by the same local friction coefficient associated with segmental motion. 34, 56 In this work we investigate polyoxybutylene (POB, or poly(1,2-butylene oxide)), a type A polymer. Apart for the pendant ethyl group in place of the methyl group, POB has the same chemical structure as PPG (their structures are depicted in Figure 1 ). PPG has been the subject of many studies, by dielectric spectroscopy 10, 14, 15, [57] [58] [59] [60] [61] [62] [63] and other techniques. [64] [65] [66] [67] Kyritsis et al. 68 recently reported dielectric measurements at ambient pressure on several POB samples as well as POB block copolymers. Herein, we focus on a single POB of ca. 5000 Da molecular weight. We have carried out broad-band dielectric relaxation and specific volume measurements, both as a function of temperature and pressure.
From a comparison of the dielectric spectra of PPG and POB having the same degree of polymerization (Figure 1) , it is evident that the POB normal mode has a much larger dielectric strength. For a monodisperse type A polymer, the dielectric strength of the normal mode ∆ Ν is 69, 70 where μ p is the dipolar moment per unit length of the repeat unit parallel to the backbone, N A is Avogadro's number, M w is the molecular weight, F is the density, k B is the Boltzmann constant, 〈r 2 〉 is the mean-square end-to-end distance of the chain, and F is the local field correction (F ∼ unity 70 ). Therefore, for POB and PPG of equivalent chain lengths and density, and assuming that μ p is the same, the larger ∆ N of POB is ascribed to a larger 〈r 2 〉. This results from the larger pendant moiety and consequently more extended chain. The greater strength of the normal mode for POB facilitates dielectric measurements, an especially important consideration for high-pressure measurements. A large ∆ N also makes more accurate the deconvolution of the normal mode from the nearby segmental relaxation.
It is of interest to see whether other properties reflect this apparent difference in chain configuration. While the dynamics of the normal mode is independent of local chemical structure, segmental relaxation, arising from dipoles perpendicular to the chain (type B dipoles), depends strongly on the details of the local structure, e.g., barrier heights to internal rotation, energy differences between rotational isomeric states, the local friction coefficient, and steric constraints on local motions. 71, 72 Notwithstanding these possible differences between POB and PPG, it is interesting to note that the shapes of the R-relaxation peaks in Figure 1 are almost the same for the two polymers.
In this work, by combining dielectric data with PVT measurements, we are able to analyze the factors governing both the global and segmental dynamics. We also examine ionic conductivity in the POB to assess the degree of enhancement of translational motions, relative to the reorientational relaxation. Finally, we describe observations at high frequencies of both an excess wing and a secondary dispersion in POB. 
Experimental Section
The POB was from Mark Nace of Dow Chemical Co., courtesy of Colin Booth of the University of Manchester. The sample had Mn ) 4800 and Mw/Mn ) 1.10. This corresponds to 67 repeat units per chain, about equal to that of the PPG (molecular weight ) 4000 g/mol) studied previously. 14 Dielectric spectra were obtained with a parallel plate geometry using an IMASS time domain dielectric analyzer (10 -4 -10 3 Hz) and a Novocontrol Alpha analyzer (10 -2 -10 6 Hz). For measurements at elevated pressure, the sample was contained in a Manganin cell (Harwood Engineering), with pressure applied using a hydraulic pump (Enerpac) in combination with a pressure intensifier (Harwood Engineering). Pressures were measured with a Sensotec tensometric transducer (resolution ) 150 kPa). The sample assembly was contained in a Tenney Jr. temperature chamber, with control to within (0.1 K at the sample.
PVT measurements employed a GNOMIX apparatus, modified to allow subambient temperatures. Typically, the pressure was varied from 10 to 200 MPa at fixed temperatures ranging from ca. -10 to 95°C.
Results and Discussion
Shape of the Relaxation Functions. Dielectric spectra were obtained at atmospheric pressure at various temperatures and over a range of pressures at each of three temperatures. A representative loss curve measured at 246.6 K is shown in Figure 2 , revealing three contributions to the dielectric response. At lower frequencies, there is a contribution to the dielectric loss due to conduction (charge transport) of ionic impurities. Observed at successively higher frequencies are the normal mode peak, reflecting motion of the chain endto-end vector, and the R-relaxation peak, due to local segmental motions. There is some overlap of these processes, so to extract relaxation times the spectra were fitted to the sum of a conductivity term, given by σ DC ω -1 , where σ DC is the conductivity and ω angular frequency, and two Havriliak-Negami (HN) functions 73 where In this expression, τ HN is a relaxation time, and R and are shape parameters, describing respectively the symmetrical and unsymmetrical broadening of the dispersion. To minimize the number of free parameters, we fit the spectra for which the segmental and normal mode peaks were well separated and then used the obtained R () 0.94 and 0.85 for the normal and segmental modes, respectively) in fitting all other spectra. The three distinct contributions to the spectrum are shown in Figure 2 , although excluded from the fitting is the weak peak observed at the highest frequencies. Discussed below, this relaxation process becomes more prominent in measurements at higher pressures and lower temperatures.
In Figure 3 the dielectric strengths determined from fitting the experimental spectra are plotted, after normalization by the density, as a function of the normal mode relaxation time. (This serves as a basis to compare the data obtained at various temperatures and pressures.) At constant pressure, both modes increase in intensity with decreasing temperature (i.e., with larger τ N ). This is due primarily in the case of the normal mode to an increase of 〈r 2 〉 and for the segmental to enhanced correlations among the dipoles. 73 However, at a given temperature, pressure has a negligible effect on 
the dielectric strength of the normal mode, in agreement with the negligible effect of pressure on 〈r 2 〉. In contrast, the dielectric strength for the segmental process increases with pressure, d∆ R /dP ∼ 1 GPa -1 . The relevant equation is the Kirkwood-Frölich relation 73, 74 where μ is the dipole moment of the repeat unit and x is the degree of polymerization (xN A F/M w is the number density of repeat units). The Kirkwood/Fröhlich correlation factor, g, measures the correlation among dipole moments in neighboring segments. The observed increase of ∆ R /F at constant T seems to indicate that with increasing P there is increased correlation of the orientation among dipoles. Interestingly from Figure 3 , the values of ∆ R /F are very close when compared at the same relaxation time. This indicates that for the same value of τ there is a fixed degree of correlation among dipoles, independent of the particular combination of T and P. Similar behavior was found for the structurally related PPG. 14 These trends mean that the magnitude of ∆ R /∆ N varies in opposite fashion to that found for PI, a nonassociated polymer. 12 The notable difference between the two materials is the stronger correlation effects for polymers such as POB, which have the capacity for hydrogen bonding of the chain ends. Figure 4 shows measurements at four conditions of T and P, chosen such that the segmental relaxation times are about the same, τ R ∼ 1 ms. Normalizing the spectra by the intensity of the segmental peak makes clear the increase of its relative intensity with either temperature and pressure. It is also apparent from Figure 4 that at this fixed value of the relaxation time the shape of the relaxation peak for either mode is constant. In fact, this superpositioning of peaks for fixed τ is observed over the entire range of the measurements. As shown in Figure 5 , the product of the two shape parameters, R and in eq 2, shows little variation with changes in either T or P and is constant when compared at a given value of the relaxation time. This quantity R is a measure of the breadth of the relaxation peak. The modest increase in R for the segmental mode at shorter values of τ N may, at least to some extent, reflect an increasing contribution of (unresolved) secondary processes. For τ N > 10 -2 s, R ) 0.43 ( 0.1 for the segmental mode and R ) 0.61 ( 0.2 for the normal mode. In terms of the Kohlrausch-William-Watts stretch exponent, KWW ) 0.50 (using the formula 75 R ) KWW 1.23 ) for the peak; direct fitting of the data to the transform of the KWW function, which emphasizes the central part of the peak, yields KWW ) 0.52.
The variation of the shape parameters in Figure 5 is about the same for the two relaxation processes. While the shape of the normal mode peak reflects in part the sample's polydispersity (M w /M n ) 1.10), the breadth of the segmental mode depends on the chemical structure of the repeat unit. 71 It is expected empirically 76 and on theoretical grounds 39, 40 that the sensitivity of relaxation times to temperature will correlate with the breadth of the dispersion. Thus, the inference from Figure 5 is that the separation of the normal and segmental peaks should not vary strongly with T or P. To probe this in more detail, we analyze the temperature and pressure dependences of the two relaxation times.
Relaxation Times and Ionic Conductivity. Segmental and normal mode relaxation times at ambient pressure are shown in Figure 6 . These are defined as the reciprocal of the frequency of the maximum in the respective loss peak, which is related to the HN relaxation time according to 73 Also included in Figure 6 are relaxation times for a POB having a somewhat larger M w ) 5085 Da. 68 There is good agreement between the two data sets. The results herein were fit to the Vogel-Fulcher-Tammann-Hesse equation 34 
Figure 4.
Comparison of the peaks for the normal and segmental modes at an approximately constant value of τR ∼ 10 -3 s; the ordinate has been normalized by the peak intensity of the segmental mode. The relative intensity of the normal mode increases with increase of either pressure or temperature. Note that there is negligible change in either the peak shapes or the separation of the two peaks. τ ) τ HN( sin Rπ
with the obtained parameters listed in Table 1 . Using eq 5 to interpolate, the dynamic glass transition temperature, defined as τ R (T g ) ) 100 s, equals 199.0 K at atmospheric pressure. In the inset to Figure 6 , the segmental relaxation times are plotted as a function of the T g -normalized temperature. This yields for the fragility, defined as the slope at
Thus, like PPG, POB is a moderately fragile polymer. 76 The curves for the two relaxation times in Figure 6 are parallel at higher temperatures, but as T g is approached, the segmental relaxation mode exhibits a stronger variation with temperature. This is a general trend, especially for lower molecular weight polymers, as shown previously for PPG, 77, 78 PI, 79 and polylactide (PLA). 80 The pressure dependences of the two modes, however, are essentially equivalent. We show this with a double-logarithmic plot in Figure 7 of the segmental relaxation times vs the normal mode relaxation times; the slope (log τ R /log τ N ) is close to unity. Actually, in the vicinity of T g the normal mode exhibits a slightly stronger pressure dependence, as seen from the plot of the logarithm of the ratio τ N /τ R in the inset to Figure 7 . Analogous to the behavior when temperature is varied, for small values of log(τ N ), the quantity log(τ N /τ R ) is almost constant (i.e., the two modes have an identical pressure dependence), while very close to T g , log(τ N /τ R ) decreases (i.e., the two relaxations get closer). Commonly, pressure dependences are expressed in terms of an activation volume, defined as ∆V ) 2.303RT(d log τ/dP). ∆V increases with increasing pressure, with the limiting low-pressure values listed in Table 2 for the three measured isotherms. As expected from the results in Figure 7 , there is no significant difference between the activation volumes for the two relaxation modes, when compared at equal (low) pressure. This equivalence of the pressure sensitivity of τ R and τ N is unusual. Previous studies of PI, 12 PLA, 80 and PPG 14 found the segmental mode to be more sensitive to pressure (although from measurements over a limited range on PPG, the opposite result, ∆V R < ∆V N , was also reported 15 ). However, such results depend on the basis for comparison. For example, the activation volume for the segmental mode in the low-P limit can be compared to that of the normal mode, with the latter taken over the same dynamic range (same values of τ), rather than same range of P. This leads to a different conclusion.
In Figures 8 and 9 respectively we compare the coupling of the two modes over the same P range using published data for PPG 14 and for two different molecular weights of PI. 12, 81 In each case, the slope of the curve is very close to unity, indicating that in contrast with previous conclusions the pressure dependences of the two modes are essentially the same (i.e., ∆V R ∼ ∆V N ), at least when compared over the same range of P. However, as discussed above, this coupling may break down very close to T g .
The ionic conductivity responds to changes in T and P in a qualitatively similar fashion as the inverse of the segmental relaxation times. However, it is well-known that near T g translations are often enhanced relative to reorientational motions (such as associated with the dielectric R-process). [82] [83] [84] The result is that a doublelogarithmic plot of σ vs τ R will have a slope deviating 68 The inset is a fragility plot of the segmental relaxation times, having a slope at Tg equal to 78. 85 This decoupling has been ascribed to spatially heterogeneous dynamics 86 or to differences inherent to the cooperative dynamics of condensed matter. 87 In Figure 10 , the conductivities determined for POB at both ambient and elevated pressure are plotted vs τ R . For all conditions, the power law slope is less than unity (average value ) -0.86 ( 0.07), indicating a significant enhancement of ion translation relative to the rate of local segmental motion.
The pressure coefficient of T g cannot be determined accurately, when the latter is defined as τ R (T g ) ) 100 s. For the temperature at which τ R ) 1 s, T R , we find that dT R /dP ) 155 ( 25 kGPa -1 . This is significantly larger than the pressure coefficient of more strongly hydrogenbonded glass-formers, for which values less than ca. 90 kGPa -1 are typical. 16, 88 Nonassociated materials have larger pressure coefficients. For a PPG having the same degree of polymerization as the POB herein (x ) 67), and thus the same mole fraction of H-bonded repeat units, dT R /dP ) 177 ( 36 K GPa -1 . 14 Thus, the difference between the pressure coefficients for the two structurally similar polymers is within the experimental uncertainty.
Volume Effects on Dynamics. The use of Arrhenius plots ( Figure 6 ) and activation volumes begs the question of what governs the relaxation times in POB. Obviously the fact that an isothermal pressure change induces a change in τ demonstrates that thermal energy alone is not the dominant control parameter. To assess directly the dependence of the relaxation times on volume, we measured the variation of the specific volume, V, with temperature and pressure ( Figure 11 ). All measurements were carried out on the equilibriumliquid. Using the Tait form for the equation of state, 89 we obtain for POB above T g in units of mL/g, with T and P in°C and MPa (the former by convention). Using eq 6, we calculate the specific volume corresponding to each measurement condition and plot in Figure 12 the relaxation times as a function of V. They are not a unique function of V, however, since temperature (thermal energy) exerts some influence.
We recently proposed a method to quantify the effects of temperature and volume on τ R , whereby segmental relaxation times obtained under various conditions of T and P collapse onto a single master curve. 45, 46, 90 The superpositioning is based on expressing τ R as a function of the product TV γ , where γ is a material-specific constant. More recently, we extended this TV γ scaling to the normal mode relaxation times for PPG and PI. 91 Most intriguing was the finding that the γ required to superpose the normal mode relaxation times was the same as that for τ R , notwithstanding that for these low molecular weight polymers the two modes differ in both temperature and pressure dependences. Such results are congruent with the idea that segmental and chain motions are both governed by the same local (monomeric) friction coefficient; that is, the variation in relaxation times with temperature or pressure is mainly driven by the T and P dependences of this friction coefficient.
Although the P dependences for the normal and segmental modes for POB are quite similar (Table 2) , the respective relaxation times exhibit different dependences on T near T g ( Figure 6 and Figure 7 , inset). Thus, it is of interest to ascertain whether master curves of the τ can be obtained and, if so, whether γ is the same for the two modes. In Figure 13 all relaxation times measured herein are plotted vs T -1 V -γ (we use the reciprocals to obtain a scaled Arrhenius plot). The exponent is adjusted to obtain the superpositioning seen in the figure, which corresponds to a value of γ ) 2.65, for both τ R and τ N . This is a fairly small value, reflecting the relatively strong influence of thermal energy, as opposed to volume, in governing the T dependence of τ R .
A relationship exists between γ and the ratio of the isochoric and isobaric activation enthalpies, E V /E P 45 where R P is the thermal expansion coefficient. This ratio is of interest because it provides a direct measure of the degree to which the changes in τ with temperature are due to the accompanying volume changes, as opposed to changes in thermal energy. For P ) 0.1 MPa and using R P (T g ) ) 6.170 × 10 -4 K -1 as determined from the PVT data for POB, we calculate E V /E P ) 0.75 at T g . This is comparable to the value for a PPG of similar molecular weight 92 but larger than the E V /E P ratios found for nonassociated glass-formers. 93 The presence of hydrogen bonds increases the role of thermal energy relative to that of the specific volume.
In Figure 13 we have included the conductivities measured under the various conditions of T and P. Given the decoupling of the relaxation times and σ, we do not expect the latter to exhibit the same scaling exponent. This is indeed borne out in the figure; a smaller value of γ ∼ 1.7 gives the best superpositioning of the conductivity data. This is unsurprising since conductivity results from translation of ions, rather than reorientation of polymer segments, and thus samples different local environments. Note that the superpositioning of the σ(T,P) is only approximate, certainly having more scatter than the master curves for either τ R or τ N . Moreover, we point out that a value of γ ) 1.7 is too small to justify neglect of the attractive part of the intermolecular potential.
Secondary Relaxations. There are two other notable features in the dielectric spectra of POB, seen primarily at lower temperatures and higher pressures. In Figure 14 , the dielectric loss is shown at different temperatures for three pressures. There is a deviation from the fit of the segmental relation to eq 2, beginning about 2 decades higher frequency than the R-peak. This is followed at still higher frequencies by a steep rise, suggestive of the onset of another dispersion. Of course, secondary relaxations are well-known in polymers. 94 Of particular interest, because of its connection to the glass transition, is the Johari-Goldstein (JG) secondary relaxation. 1, 2 Involving all atoms of the repeat unit, the JG process is the slowest secondary relaxation and, when in close proximity to the R-process, can appear as an "excess wing" (that is, rather than a distinct peak, the JG is manifested as dielectric absorption above the fitted curve on the high-frequency flank of the R-relaxation). Interestingly, the JG process has been found to have a pressure dependence closely related to that of the R-process, 2,3,95 consistent with the idea that the JG may serve as the precursor to the glass transition. There is a relationship between the τ R and mean τ JG 59, 96 with t c ∼ 2 × 10 -12 s. Using the value of KWW ) 0.51, the JG peak is calculated to lie about 6 decades higher in frequency than the R-peak (as indicated by the arrows in Figure 14 ). This falls well below the high-frequency peak.
For hydrogen-bonded glass-formers, an additional secondary peak beyond the JG process is often observed, for example in sorbitol 16 and PPG. 3, 95 In contrast with the JG, this high-frequency peak has an almost negligible pressure dependence. This appears to be the case for the high-frequency secondary peak in POB. As seen in Figure 15 , while the R-process slows by many decades, the position of the high-frequency dispersion is almost unchanged. Unfortunately, the range of conditions over which this peak could be observed is too limited to allow quantitative analysis of its properties.
Concluding Remarks
Dielectric measurements on POB at different temperatures and pressures reveal the presence of five dynamic processes. Progressing from lower to higher frequency, these include conductivity of mobile ionic impurities, the normal mode relaxation involving global chain motions, the R-process reflecting local segmental motion, an excess wing which can be identified with the Johari-Goldstein relaxation, and a high-frequency secondary relaxation commonly found in hydrogen-bonded materials. Only the normal and segmental modes have dispersions in the dielectric loss falling within the range of measurement conditions herein. When compared at a fixed value of the relaxation time, the shape of either peak is constant, independent of T and P.
As commonly found for low molecular weight polymers, the relaxation times for the normal and segmental processes exhibit differences in T dependences near T g . Similar differences, although of smaller amplitude, are also observed by approaching T g by increasing pressure. However, in the accessible dynamic range, we find that for POB hydrostatic pressure exerts almost an equivalent effect on τ N and τ R . Ostensibly, this contradicts previously reported results for PPG and PI; 12, 14 however, a reanalysis of the data for PPG and PI reveals similar behavior when the comparison of pressure sensitivities is made over the same range of pressure (rather than same range of τ).
The relaxation times for both relaxation modes are not uniquely determined by either T or V, although from the ratio of the isochoric and isobaric activation enthalpies, E V /E P ) 0.75, we conclude that τ R is governed more strongly by changes in temperature than by the accompanying volume changes. Generally, relaxation times for polymers are less affected by density in comparison to τ R for small-molecule glass-formers. The reason for this is the same reason the density-normalized dielectric strength of the normal mode is almost invariant to pressure (isotherms in Figure 3 ). To wit, pressure has a negligible effect on the chain dimensions, so that interactions among directly bonded segments are unaffected by pressure. This is not the case for molecular liquids, wherein every near-neighbor interaction is intermolecular, and these are all sensitive to density.
The τ N and τ R data can be superposed to form single respective curves when expressed as a function of TV. 2.65 This equivalence of the scaling exponent for the normal and segmental modes was found previously for PPG and PI and is consistent with the idea that there is a single monomeric friction coefficient, underlying both the local and global dynamics.
The ionic conductivity, however, does not superpose when plotted vs TV. 2.65 The conductivity also shows the customary enhancement, relative to the R-relaxation, as T g is approached by either cooling or increasing pressure. It is interesting that the magnitude of the enhancement is the same relative to either τ R or τ N . Translational motions changing more with T than do local reorientational modes has been ascribed to spatially heterogeneous dynamics. 86 The length scale for the dynamic heterogeneity of the glass transition has been measured to be in the range from 1 to 4 nm. [97] [98] [99] [100] We can estimate the radius of gyration of the POB to be ∼2.3 nm. Since we do not observe the enhancement of the normal mode motion, as seen for the conductivity, it is tempting to conclude that the heterogeneity length scale in POB must be >2.3 nm, whereby it is averaged out. On the other hand, there is an alternative explanation for the enhanced translation mobility that does not invoke dynamic heterogeneity. 87 Equation 8 is drawn from the idea that the JG relaxation serves as a precursor to the R-process, 2, 59, 95, 96 and accordingly, it is of central importance to understanding the dynamics of the glass transition. In POB, the JG relaxation is barely resolved, appearing as an excess wing on the high-frequency flank of the R-peak. An additional high-frequency secondary peak is evident in the POB spectra, which appears to be relatively insensitive to pressure, although it lies at too high frequency to be well-characterized.
Finally, it is of interest to compare POB to the structurally similar PPG. The latter differs from POB by having a smaller pendant moiety at the second carbon atom (methyl group in place of ethyl). This minor change results in significant changes in the dielectric strength of the normal mode, attributed to differences of the mean-square end-to-end distance of the chains. In Table 3 we compare the properties determined herein for POB to those for PPG having an equivalent degree of polymerization. The different pendant group does not modify the dynamics substantially, although POB is less fragile and less influenced by volume changes (i.e., larger E V /E P ). Nevertheless, for both polymers, the scaling exponent γ is small, implying that volume and congested dynamics exert a minor role on the thermally activated dynamics. 
